ABSTRACT: The stiffness of prestressed cable structure is provided by self-stress, and the self-stress of the structure is sensitive to external errors due to their high flexibility. Based on the basic theory of the force method (FM) and stochastic search technique, the linear displacement control problem was converted to an optimization question. Genetic algorithm (GA) is used to solve this optimization problem for prestressed structures of linear behavior. And then the dynamic relaxation method (DRM) is introduced to the linear displacement control method to achieve the non-linear displacement control for prestressed structures of non-linear behavior. The non-linear displacement control consists of two phases: (1) use the linear displacement control method as the controller step to determine the selection of actuation members and the variation of these selected members, and (2) use the DRM as the corrector step to calculate the equilibrium state of structures after linear controller deformation. A numerical example is conducted which shows that the non-linear control and the linear control both are in well agreement with the target values in the case of small displacement adjustment, while in the case of large displacement adjustment, the former is superior to the latter.
INTRODUCTION
Prestressed mechanisms are becoming increasingly popular in structural engineering, which are usually defined by its nodal positions and rely on prestress to achieve stiffness. In contrast with traditional structures, prestressed structures require higher geometric accuracy, due to its lightweight, prestress and flexibility. Although structural components of these structures are usually designed and manufactured with the highest quality and assembled carefully, the shape deformations still exist. Many factors can result in deformations of the structure, e.g. unexpected loads, static position errors, thermal deformation, unavoidable manufacturing and assembling errors, etc. Therefore, to achieve the designed shape, the nodal positions need to be adjusted after the structural members are assembled together. The adjustment of the nodal positions is usually realized by altering the length of the structural components [1] .
The static shape control techniques of truss structures have been studied earlier by Burdisso and Haftaka [2] and Hangai [3] , where prestressing was not taken into consideration. Pellegrino et al. [4, 5] proposed a series of algorithms in the force method (FM), which has been used in the analysis of prestressed mechanisms [6] . For a prestressed cable structure given desired displacement, You [7] proposed a set of algorithms based on FM to determine the selection of actuation members and the variation of these selected members. Also based on the FM, Shen et al. [8] has done similar work, in which the emphasis is on the realization of two classifications of prestressed cable structures. This analytical algorithm is developed based on the linear FM, which assumes that the deformations are small and satisfy the linear elastic assumptions as well as that the external loads, member elongations, member forces and prestresses can be added by superposition. As a result, it may become imprecise even invalid when large deformations and geometrical non-linearity is involved [9] . Therefore, a method which can deal with the large deformations and geometrical non-linearity problem is needed. Luo and Lu [10] proposed a geometrically non-linear force method (NFM) for analysis of bar assemblies. And based on the linear displacement control technique, Xu [11] introduced the NFM and simulated annealing (SA) which is usually used as a stochastic search technique to search in large solution spaces to develop an iteration procedure to realize the non-linear displacement adjustment of prestressed structures where the SA is used to determine the selection of actuation members and the variation of these selected members. And the application of the SA made this procedure adaptable and can satisfy the requirements of practical engineering which is composed of a number of adjustable members and large ranges of adjustable lengths. To achieve the non-linear control, Xu introduced a Newton-Raphson iteration procedure to make the structures converge to the equilibrium state. In this article the dynamic relaxation method (DRM) is adopted as a corrector procedure to determine the equilibrium state of structures. And to avoid the iteration in the procedure, the explicit time iteration is adopted with the application of the central difference method. Another stochastic search technique named genetic algorithms (GA) is employed to deal with the optimization problem in this article. It is s based on natural selection and survival of the fittest and has been successfully applied to the optimum design of structures [12, 13] .
The layout of this article is as follows. Section 2 illuminates the formulation of linear displacement control technique based on linear FM and GA which is used as the optimization technique. Section 3 introduces DRM to the linear displacement control technique to construct a non-linear displacement control procedure for structures of non-linear behavior. A numerical example is presented in Section 4. And finally, some conclusions are finally obtained in Section 5.
LINEAR DISPLACEMENT CONTROL
The linear displacement control technique is based on the FM. Hence, a brief introduction of the FM is given firstly. For bar assemblies, consider two bar elements i-j and i-h (see Figure 1) . The Cartesian coordinates of nodes i, j and h are written as (xi, yi, zi), (xj, yj, zj) and (xh, yh, zh). Assume that Pi is the external force vector at node i, Pi = (Pix Piy Piz) T . For the unconstrained node i, the equilibrium equations can be set up as follows:
The force method
where lij and lih represent the current distances of nodes i, j and nodes i, h and tij and tih represent the internal force of bars ij and ih respectively. Repeating Equation (1) for other nodes and considering that some may have constrains in one direction or more, and the equilibrium equations for assembles can be written as:
The compatibility equations is given by
which has been proved by Calladine [14] that: T A = B (4) Assume that the material is linear elastic. We have 0  e e + Ft (5) and F is given by
The SVD technology is used to solve Equation (2) and (3), and we have
where α is given by:
Linear displacement control
The aim of the following derivations is to implement the linear displacement control, i.e. to convert Equation (3) into an explicit expression of e0s and uc. And considering the actual situation, the value of e0s should be within an adjustable range, that is If additional strains of actuation members to adjust the shape of the structures, i.e. e0s, are imposed, for structures of linear behavior, there will be
where tf, tp, ts can be rewritten as follows
1 T p r r r
Then we have
and us can be obtained by
Where   T  A is the Moore-Penrose generalized inverse of A T .
According to generalized inverse principle and the singular value decomposition (SVD) technique of the equilibrium matrix, the following equations yield
Substituting Equation (18) 
Because that only nc components of us are controlled, it is convenient to write Eq. (19) as follows
Where, for the sake of simplicity, a rearrangement of the rows of E is required, i.e. the controlled displacement components are the first nc components of us.
Neglecting the uncontrolled displacement components of us, we have 0 c c s
Assuming that ba=b, which means that all the components of the structures can be selected as action members, e0s can be divided into two parts, i.e. 
According to Equation (24), ev is dependent on en which is the independent part of e0s. Therefore, the problem is to find feasible solutions for Equation (25) with variable en, and then ev can be obtained according to Equation (25), which is subject to the given nodal displacements to be controlled, i.e. uc. To find a set of en which satisfies both Equation (10) and (25), it will be convenient to treat it as an optimization problem.
One of the stochastic search techniques named genetic algorithms (GA) is employed to deal with the optimization problem in this article. It is based on natural selection and survival of the fittest and has been successfully applied to the optimum design of structures [12, 13] . In the application presented in this paper, the components of en and ev should be determined firstly, and also the matrix En and Ev should be calculated accordingly. Then a random set of en which satisfies Equation (10) is given, and ev can be obtained by Eq. (24). Based on the selection of en and ev, the objective function which evaluate the cost of the selection will be calculated. And then a new selection is generated by randomly altering the components of en in a neighborhood of the last selection. The objective function of the new selection is calculated again and compared with the minimum objective function of all previous selections. If the new selection is better than the best one of all previous selections, i.e. the objective function of the new selection is less than the minimum one of the previous selections, and the new selection is accepted directly and stored as the best selection. Otherwise, whether it is accepted is determined by GA, and repeats itself.
NON-LINEAR DISPLACEMENT CONTROL
When the displacement needed to be controlled is large and structural non-linearity is involved, the linear displacement control technique presented in section 2 is inaccurate throughout the whole process of solution search for the large displacement control. As a non-linear method, an iteration procedure based on the linear method and dynamic relaxation method (DRM) is proposed to formulate the non-linear displacement control program. In this iteration procedure, the large displacement control is divided into controller step and corrector step. And in each iteration step, assuming that the displacement control is linear, the linear displacement control is introduced in the controller step which gives the selection of actuation members and the variation of these selected members and DRM is introduced in the corrector step which is used to determine the equilibrium state of structures after linear controller deformation.
Unlike other traditional analysis methods, vector mechanics and numerical calculations are well introduced into the DRM. It is convenient to deal with the non-linear problems by introducing vector operations into the DRM. For it has been a popular algorithm, this article does not focus on it. And a brief review of the DRM algorithms is as follows:
where f dmp is given by Lewis and Jones [15] :
From Equation (26), it can be found that all the particles are in a static equilibrium state under the external load, internal force and damping force. To avoid the iteration in the solution process, the explicit time iteration is adopted in the procedure. With the application of the central difference method, the velocity and acceleration of particles can be written as
where xq+1, xq and xq-1 are the coordinate vectors in step q+1, step q and step q-1, respectively. Substituting Eqs. (27), (28) and (29) into Eq. (26), xq+1 can be written as follows:
(30)
NUMERICAL EXAMPLE
As shown in Figure 2 , a two-dimensional prestressed cable structure with three free nodes (nodes 2, 5, 6) and four fixed nodes (nodes 1, 3, 4, 7), which was also used by You [7] and Xu [11] . The axial stiffness of all the members is 43.16 kN. For simplicity, the cable net structure carries no additional load. The structure is self-balanced at its initial configuration with that the prestress level is t0 = [61.37, 61.37, 23.60, 17.02, 17.02, 23.60, 50.05, 50.09, 50.06] T N. After prestressing, the displacement of the three free nodes (nodes 2, 5, 6) is d0 = [0, -6.66, -2.56, -4.31, 2.56, -4.31] T mm. Assume that the free node 6 is needed to be controlled and all the components of the structures can be selected as action members.
Small displacement adjustment
The adjustment magnitudes of node 6 are given by dc= [-2.56, 4.31] T mm and the allowable length change of the action members is [-5mm,5mm]. For comparison, the adjustment results of linear displacement control and non-linear displacement control are listed in Table  1 , from which we can find that the errors of the linear control and the non-linear control are small, which means that when the controlled displacements are small, both the linear control and the non-linear control can exactly achieve the target values.
Large displacement adjustment
To compare the efficiency and accuracy of the linear adjustment control and nonlinear under the condition of large deformation, the adjustment magnitudes of node 6 increase to dc= [-20 .00, 20.00]
T mm and the allowable length change of the action members increase to [-30mm ,30mm] accordingly. The adjustment results under large displacement of linear displacement control and non-linear are listed in Table 2 . The displacements of the controlled free nodes 6 after the non-linear displacement control exactly achieve the target values, while the results error of the linear deviate from the target values to 1.7%. Table 2 shows that when the controlled displacements are large, the non-linear displacement control program is better than the linear.
CONCLUSION
A method for displacement adjustment of prestressed cable structures based on force method and genetic algorithms (GA) has been proposed in this article, and to achieve the non-linear displacement control of structures with non-linear behavior, dynamic relaxation method (DRM) has been introduced to this method to calculate the equilibrium state of structures after linear controller deformation. A numerical example has been carried out and the results of the linear displacement control and nonlinear have been compared with each other. The comparisons show that when the controlled displacements are small, both the linear control and the non-linear control can exactly achieve the target values, while the non-linear displacement control program is better than the linear under the large controlled displacements situation. Therefore, when applying on actually engineering project, if the target displacements are large, it is necessary to apply the adjustment step by step rather than one step to reach.
ACKNOWLEDGEMENT
The authors are grateful to the National Natural Sci- 
